The carboxyl-terminal domain (CTD) of the largest subunit of RNA polymerase II plays an important role in transcription and processing of the nascent transcript by interacting with both transcription and RNA processing factors. We show here that the cleavage͞ polyadenylation factor IA of Saccharomyces cerevisiae directly contacts CTD. First by affinity chromatography experiments with yeast extracts we demonstrate that the Rna15p, Rna14p, and Pcf11p subunits of this complex are associated with phosphorylated CTD. This interaction is confirmed for Rna15p by yeast two-hybrid analysis. Second, Pcf11p, but not Rna15p, is shown to directly contact phosphorylated CTD based on in vitro binding studies with recombinant proteins. These findings establish a direct interaction of cleavage͞polyadenylation factor IA with the CTD. Furthermore, a quantitative analysis of transcription run-on performed on temperature-sensitive mutant strains reveals that the lack of either functional Rna14p or Pcf11p affects transcription termination more severely than the absence of a functional Rna15p. Moreover, these data reinforce the concept that CTD phosphorylation acts as a regulatory mechanism in the maturation of the primary transcript.
I
n Saccharomyces cerevisiae the largest subunit of RNA polymerase II (pol II) contains a carboxyl-terminal domain (CTD) consisting of 26 tandem repeats of a heptapeptide module with the consensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser (1, 2) . Two serines per heptad repeat may undergo reversible phosphorylation during each transcription cycle (3) . The phosphorylation status of the CTD is correlated with different stages of the transcription cycle. Thus hypophosphorylated polymerase (IIA) is competent for initiation, whereas hyperphosphorylated polymerase (II0) is associated with transcription elongation. Increasing evidence has been provided in the last few years showing that the CTD acts as a direct physical link between transcription and nascent RNA processing: in mammals, the cleavage-polyadenylation specificity factor (CPSF) and the cleavage stimulation factor (CstF), as well as splicing factors and 5Ј capping enzyme, all bind to the CTD (4-9). Furthermore, CPSF and CstF copurify with pol II (4) . The concept of a factor recruiting͞docking platform has emerged as one likely function of this peculiar polypeptide. Evidence for a more direct role of the CTD in polyadenylation has also been indicated (10) .
In S. cerevisiae, the proteins so far known to bind to the CTD are the Mediator complex (11, 12) , the Elongator complex (13) , proteins involved in 5Ј end capping of nascent RNA (8, 14) , and the Ess1 peptidylprolyl isomerase (15, 16) . To date the interaction of cleavage͞polyadenylation factors with the CTD remains largely uncharacterized. In yeast 3Ј-end processing of pre-mRNA requires cleavage factor IA (CF IA), cleavage factor IB (CF IB), cleavage factor II (CF II), polyadenylation factor I (PFI), poly(A) polymerase, and the poly(A)-binding protein 1 (17) (18) (19) (20) (21) (22) . CF IA, which is involved in both cleavage and polyadenylation, comprises four polypeptides: Rna15p, Rna14p, Pcf11p, and Clp1p. Biochemical and genetic analyses have shown that these subunits are tightly associated (17, 18, 20, 23) . Rna14p and Rna15p have localized sequence similarity with the 77-kDa and 64-kDa subunits of mammalian CstF, respectively (24) . Rna15p is the RNA-binding subunit of CF IA, containing a canonical RNA-binding domain with the ribonucleoprotein-2 and ribonucleoprotein-1 motifs, and it has also been reported to bind in vitro to uridine-rich sequences (17, 23, 25) . Neither Clp1p (21) nor Pcf11p displays any similarity to known mammalian processing factors. However, Pcf11p does contain a putative CTD-binding domain at the N terminus that is homologous to domains found in a number of polypeptides from various organisms (26) (27) (28) .
Previous studies in our laboratory have revealed that subunits of CF IA are directly involved in transcription termination: Birse et al. (29) demonstrated that mutations in RNA15, RNA14, and PCF11 affect transcription termination based on transcription run-on analysis. Exactly how these factors affect transcriptional termination has yet to be elucidated.
In this study, we have analyzed the potential interaction of CF IA with the CTD. Affinity chromatography experiments with whole-cell yeast extracts show that CF IA binds specifically to the CTD, as judged by the presence of Rna15p, Rna14p, and Pcf11p in the pellet fraction. The binding is strongly enhanced by the phosphorylation of the CTD. Furthermore, pull-down experiments with purified recombinant proteins demonstrate that Pcf11p is one of the subunits of CF IA that directly contacts the CTD, again exhibiting a much higher affinity for the phosphorylated form. Finally, quantitative transcription run-on analysis highlights the important role of Pcf11p and possibly Rna14p, showing that mutations in PCF11 and RNA14 affect transcription termination more drastically than mutations in RNA15. This observation suggests that Pcf11p and possibly Rna14p may play a crucial role in coupling transcription with pre-mRNA processing by recruiting the whole CF IA complex to the CTD.
Materials and Methods
Strains, Media, and Transformation. The S. cerevisiae strain used for the preparation of extracts for affinity chromatography experiments was W303-1B, and the reporter host strain used for the two-hybrid analysis was Y187. The temperature-sensitive (ts) mutant strains used for the run-on analysis have been described (18, 23) . Escherichia coli DH5␣ strain was used for both plasmid construction and overproduction of the glutathione S-transferase (GST) fusion protein. E. coli BL21(DE3) was used for recombinant Pcf11p and Rna15p overproduction. Media used to grow yeast strains were yeast extract-peptone containing 2% glucose or selective synthetic complete medium containing 2% glucose. Yeast cells were transformed with the use of LiAc salts.
Construction of pGST-CTD and Purification of the Protein. DNA fragments encoding all 26 CTD repeats were amplified from genomic DNA. The PCR product was digested and ligated into the overexpression plasmid pGEX-4-T1 (Amersham Pharmacia). The resulting plasmid, pGST-CTD, was transformed into E. coli DH5␣. Freshly obtained transformants were grown at 37°C to an OD 600 of 0.6; the culture was then induced by the addition of isopropyl-␤-D-thiogalactoside at a final concentration of 0.5 mM and transferred to 30°C for 3-16 h. The GST-CTD polypeptide was purified by affinity chromatography on glutathione Sepharose 4B (Amersham Pharmacia) as outlined (30) .
Affinity Chromatography. GST-CTD was phosphorylated for 2 h at 30°C with casein kinase I (New England Biolabs) and 1 mM ATP, with the use of the manufacturer's buffer. Unphosphorylated and phosphorylated GST-CTD and GST proteins were immobilized onto 20 l of glutathione Sepharose 4B at 2.5 mg͞ml by shaking for 1 h at room temperature. The resins were then washed, equilibrated with buffer A (20 mM Hepes⅐KOH, pH 7.6͞1 mM EDTA͞1 mM DTT͞20% glycerol͞100 mM potassium acetate͞0.03% Nonidet P-40), and then mixed with 50 l of yeast extract (8 mg͞ml) in 200 l of buffer A containing 150 g͞ml of BSA and protease inhibitors (1 g͞ml of pepstatin A͞1 g/ml of leupeptin͞1 mM PMSF) for 1 h at room temperature on a rotating wheel. Yeast extracts were prepared as described (31) . The beads were then collected and washed five times with buffer A containing protease inhibitors, resuspended in 30 l of 2ϫ SDS sample buffer, and boiled for 5 min. Proteins were fractionated by SDS͞PAGE, transferred to nitrocellulose membranes, and analyzed by immunoblotting. Detection was performed by chemiluminescence with the enhanced chemiluminescence kit (Amersham Pharmacia). Polyclonal antibodies raised against Rna15p, Rna14p, Clp1p, and Fip1p were a gift from Lionel Minvielle-Sebastia (University of Bordeaux, France). The monoclonal Gal4 DNA-BD antibody was purchased from CLONTECH. For the affinity chromatography experiments with recombinant Pcf11p and Rna15p, 1 g of each protein was incubated with GST-CTD, phosphorylated GST-CTD, and GST resins, and the above described protocol was used. Both Pcf11p and Rna15p were detected by an antihistidine monoclonal antibody (Qiagen, Chatsworth, CA). The plasmid pGBD-Pcf11 used to transform the pcf11 mutant was constructed by cloning the wild-type PCF11 gene into the vector pAS2-1 (CLONTECH), so that the resulting product was in-frame with the plasmid-encoded Gal4 DNA binding domain.
Yeast Two-Hybrid Analysis. All of the primers for PCR were based on the coding sequences in the Saccharomyces Genome Database (http:͞͞genome-www.stanford.edu͞Saccharomyces͞). The two-hybrid bait and prey vectors were pAS2-1 and pACT2 (CLONTECH), respectively. The RNA15 gene was amplified by PCR and cloned in pAS2-1. The CTD encoding fragment was cloned into the prey vector pACT2. It was used as a prey rather than a bait, as it had been previously reported to activate transcription per se when fused to the Gal4 DNA binding domain (7) . The bait and the prey plasmids were transformed into yeast Y187 and cotransformants selected on synthetic complete dropout medium lacking leucine and tryptophan. ␤-Galactosidase colony-lift filter assay and liquid assay were performed according to the CLONTECH manual.
Production of Recombinant Pcf11p and Rna15p. The PCF11 and RNA15 genes were cloned in pET-32b(ϩ) and pET-22b(ϩ) vectors (Novagen), respectively. The His-tagged proteins were overproduced in E. coli BL21(DE3) and purified by Ni 2ϩ affinity chromatography according to the Novagen technical manual. Rna15p was purified directly from the soluble bacterial lysate, and Pcf11p was first solubilized from inclusion bodies and refolded with the Protein refolding kit (Novagen).
Transcription Run-on Analysis. Transcription run-on experiments were performed as described (29) .
Results
The CF IA Complex Contained in Yeast Extracts Binds to the CTD. We first investigated the potential interaction of the CF IA complex with the CTD. Affinity chromatography with yeast whole-cell extracts and a GST-CTD column was carried out. A GST-CTD fusion protein and GST control were overproduced in E. coli, purified, and immobilized onto glutathione Sepharose 4B. GST-CTD was further phosphorylated with casein kinase I (New England Biolabs); the phosphorylation of the CTD by this enzyme has previously been shown to be sufficient to recruit capping activities (32) . Yeast processing-competent extracts were loaded onto the GST, GST-CTD, and phosphorylated GST-CTD affinity columns, and bound proteins were subsequently eluted with SDS sample buffer. The eluates were then analyzed by SDS͞PAGE followed by Western blotting. With this approach we detected a specific interaction of CF IA with the CTD, based on the presence of the Rna15p (Fig. 1A , lanes 3 and 4) and Rna14p (Fig. 1B , lane 4) subunits in the eluates. Both proteins were retained on the CTD resins, but not on the column containing GST alone ( Fig. 1 A and B , lane 2). The binding is strongly enhanced by CTD phosphorylation; in the absence of phosphorylation, we invariably observe a barely perceptible association ( Fig. 1 A and B, lane 3) . The difference in signal intensity for Rna15p and Rna14p in the bound fraction reflects the differential strength of the two antibodies, anti-Rna14p being a much weaker antibody (compare also lane 1 in Fig. 1 A and B) . For this reason no Rna14p is detectable in the fraction bound to unphosphorylated CTD (Fig. 1B, lane 3) . We also checked for the presence of the Clp1p subunit of CF IA in the eluates, but the low affinity of this antibody precluded the detection of this protein in the pellet fraction. However, given the tight association of the subunits of CF IA (17) (18) (19) (20) (21) (22) (23) , Clp1p is likely to be recruited to the CTD as part of the CF IA complex. The interaction observed was resistant to treatment with RNase, arguing against the possibility of a RNA bridge (data not shown). As a control for the specificity of CF IA interaction, Fip1p, a component of the polyadenylation factor I, was also tested but did not bind to either unphosphorylated or phosphorylated CTD (Fig. 1C, lanes 3 and 4, respectively) , suggesting that polyadenylation factor I (complex) does not interact with the CTD. Antibodies against Pcf11p, the fourth component of CF IA, were unavailable to check for the presence of this subunit in the eluates. However, the possible interaction of this protein with the CTD was investigated by a different approach. The temperature-sensitive strain carrying the pcf11-9 allele (which is defective in both 3Ј-end cleavage and transcription termination) was transformed with pGBD-Pcf11, a plasmid expressing PCF11 fused to Gal4 DNA binding domain at high levels. Transformants were subjected to a double selection, i.e., selective medium (synthetic complete-minus tryptophan) and temperature (30°C). The GAL4-PCF11 fusion gene complements the pcf11-9 mutation restoring growth at restrictive temperature: transformants harboring pGBDPcf11 are capable of growth at 37°C, whereas transformants containing the empty vector (pAS2-1) are not (data not shown). A crude yeast extract was prepared with the use of transformants bearing pGBD-Pcf11 and loaded onto the GST, GST-CTD, and phosphorylated GST-CTD columns. Monoclonal antibodies recognizing the Gal4 DNA binding domain were used to analyze the eluates. An interaction of the Pcf11 fusion protein with phosphorylated CTD was detected (Fig. 1D, lane 4) : the signal is not strong, perhaps because the Gal4 DNA binding domain restricts the contact of Pcf11p with the CTD through steric hindrance. However, it has been proved to be reproducible in repeated experiments. Once again, as observed before, in the absence of phosphorylation the signal is barely perceptible (Fig. 1D, lane 3 ).
Pcf11p Contains a CTD-Binding Domain and Interacts Directly with the

CTD.
The above experiments used yeast whole-cell extracts to explore the interactions of CF IA with the CTD. These therefore do not discriminate between direct or indirect binding of the individual subunits. If a subunit of CF IA acted as a ''bridge'' to recruit the whole CF IA complex to the CTD, then Pcf11p would be a likely candidate because it contains a putative CTD-binding domain stretching over the first 203 amino acids of its N terminus ( Fig. 2A) . Adjacent to this domain is a segment of 20 consecutive glutamine residues (commonly found in transcription factors), followed by the region involved in the interaction with Rna14p and Rna15p (18) . The C-terminal domain of the protein exhibits a potential zinc finger motif (amino acids 417-454) followed by an uncharacterized region.
Previous studies on Nrd1 (26) and our own BLAST searches have shown that Pcf11p shares homology with a number of polypeptides, all possessing a conserved amino-terminal CTDbinding domain (Fig. 2B) . Some of those are as yet hypothetical gene products, whereas others have been characterized and shown to bind to the CTD. Nrd1 has been reported to associate with the CTD in a yeast two-hybrid assay (7), and recent genetic evidence supports this finding (27) . Likewise, a member of the rat SR (serine-arginine-rich)-like CTD-associated factor family, SCAF8 (previously known as rA8) has been shown to bind to the CTD by both genetic and biochemical experiments (7, 28) . Whereas the sequence homology shared by Pcf11p with the above two proteins is confined to the CTD-binding domain, extensive similarity with all of the other hypothetical proteins shown in the alignment is exhibited (Fig. 2B) . This similarity had already been noted for the Schizosaccharomyces pombe and Caenorhabditis elegans homologues (26) .
These observations prompted us to investigate the potential direct interaction of Pcf11p with the CTD. A recombinant histidinetagged Pcf11p was overproduced in E. coli and purified from solubilized inclusion bodies. The protein was passed over GST, GST-CTD, and phosphorylated GST-CTD columns. Bound fractions were eluted with SDS sample buffer and monitored by immunoblotting with antihistidine monoclonal antibodies. A specific interaction of Pcf11p with the CTD was detected: the protein binds weakly to unphosphorylated CTD (Fig. 2C, lane 5) , but with high affinity to the phosphorylated form (Fig. 2C, lane 6) . No association with GST alone (Fig. 2C, lane 4) has been observed. This result shows that Pcf11p interacts directly with the CTD and that the binding is strongly stimulated by CTD phosphorylation.
Recombinant Rna15p was also examined for its association with the CTD. The RNA15 gene was cloned into an overexpression vector, and the histidine-tagged protein was overproduced and purified from E. coli. Rna15p was chromatographed onto GST, GST-CTD, and phosphorylated GST-CTD. In contrast with Pcf11p, Rna15p did not associate at all with either form of CTD and was detected exclusively in the supernatant (not bound) fractions (Fig. 2C, lanes 2 and 3) . This result demonstrates that Rna15p does not make direct contact with the CTD, although we cannot exclude the possibility that the recombinant Rna15p lacks posttranslational modifications crucial for establishing contacts with the CTD.
CTD:Rna15p Interaction Detected by Yeast Two-Hybrid Analysis.
The yeast two-hybrid assay was used to test for in vivo binding of the Rna15p subunit to the CTD. The RNA15 gene was cloned in fusion with the Gal4 DNA binding domain (bait plasmid), and the CTD encoding fragment was cloned in fusion with the Gal4 activation domain (prey plasmid). The bait plasmid was cotransformed into yeast cells together with the prey, and the transformants were assayed for the production of ␤-galactosidase. We were able to detect an interaction between Rna15p and CTD: the association was detected by filter assay within 2 h of incubation at 30°C. Rna15p has been reported to be able to activate transcription per se in yeast cells (18): we also observed this self-activation of transcription, when the Rna15 bait plasmid was transformed on its own together with the empty prey vector. However, in this case the colonies on the filter developed a pale color only after several hours of incubation at 30°C. To obtain a quantitative measurement of the interaction, we carried out liquid ␤-galactosidase activity assay in replicates (Fig. 3) : a modest, but significant, activity was reproducibly observed, confirming an interaction between Rna15p and the CTD; the background transcription triggered by Rna15p on its own was 5-to 6-fold lower.
To define more precisely the Rna15p region involved in the CTD interaction, we constructed clones comprising either the N-terminal 200 aa or the C-terminal 201-296 aa of Rna15p. The N terminus contains the RNA-binding motif of Rna15p, whereas no function has yet been ascribed to the C terminus. Both regions were fused in-frame with the Gal4 DNA binding domain and assayed in the two-hybrid system for an interaction with the CTD in parallel with the full-length protein. The results obtained by liquid ␤-galactosidase assay are shown in Fig. 3 : the C-terminal domain of Rna15p interacts with the CTD, whereas the Nterminal domain does not. We therefore conclude that the Rna15p N terminus, which contains the RNA binding motif, is dispensable for the CTD interaction, whereas the C terminus plays a role in linking the two proteins together.
This positive result obtained for Rna15p is in apparent conflict with the lack of interaction observed in the pull-down experiments with recombinant Rna15p. A way to reconcile the two findings is the following: the yeast two-hybrid assay does not discriminate between a direct association and an indirect one involving one or more endogenous partners present in yeast cells; therefore Rna15p may contact the CTD through another protein (possibly another subunit of CF IA), and that would explain why the recombinant Rna15p does not bind to the CTD in the affinity chromatography experiment. This explanation would also account for the detection of the Rna15p subunit in the pellet fraction of the affinity chromatography performed with yeast whole-cell extract.
Mutations in PCF11 and RNA14 Affect Transcription Termination More
Drastically Than Mutations in RNA15. Previous studies in our laboratory established the coupling of transcription termination to 3Ј-end mRNA processing by analyzing strains carrying ts muta- cerevisiae Pcf11p is compared with domains of homologous proteins from S. pombe (SPAC4G9.04C gene product; GenBank accession no. Z69727), Neurospora crassa (B1D1.390 gene product; no. CAB91288), C. elegans (CELR144.2 gene product; no. U23515), Drosophila melanogaster (CG10228 gene product; no. AAF58192), Homo sapiens (Pcf11 homolog; no. AF046935), Arabidopsis thaliana (T4B21.1 gene product; no. AAD03447), S. cerevisiae Nrd1p (no. CAA96158), Rattus norvegicus rA4 (no. U49058), and R. norvegicus SCAF8 (no. U49055). Bold residues indicated with asterisks are identical among at least five of the sequences. In addition to these residues, there are many similarities that are not highlighted. The gaps introduced to maximize the homology are represented by dashed lines. (C) Pcf11p interacts directly with the CTD, whereas Rna15p does not. Recombinant His-tagged Pcf11p and Rna15p were chromatographed on GST, GST-CTD, and phosphorylated GST-CTD resins. The bound fraction was eluted with SDS sample buffer and detected by Western blot with antihistidine monoclonal antibodies. Load (100% of input), pellet (100%), and supernatant (10%) fractions are shown. Lanes 1-3, Rna15p chromatography; lanes 4 -6, Pcf11p chromatography. The lower bands detectable in lanes 5 and 6 are degradation products of full-length Pcf11p.
tions in genes encoding cleavage and polyadenylation factors (29) . Transcription run-on analysis was used to measure transcription termination at the 3Ј end of the CYC1 gene. The transcription termination profile of the strains carrying mutations in PCF11, RNA14, and RNA15 was found to be severely disrupted with substantial levels of run-on transcripts detected beyond the CYC1 polyadenylation site. In contrast, factors involved in polyadenylation (Fip1p, Pap1p, Yth1p) did not appear to be necessary for termination.
In the light of our CTD binding data, a pattern appeared to emerge: the factors involved in transcription termination were also associated with the CTD of pol II. In contrast, Fip1p, the only polyadenylation factor we tested for CTD interaction, was not involved in termination and was not associated with the CTD. This correlation prompted us to repeat the run-on experiments and to quantify the impact of each cleavage factor (Rna15p, Rna14p, and Pcf11p) on transcription termination. The ts strains carrying rna14-1, pcf11-9, and rna15-1 alleles, as well as the wild-type W303-1B, were transformed with plasmid pGCYC1, in which the CYC1 gene is under the control of the GAL1͞10 promoter. As a control, the wild type was also transformed with plasmid pGcyc1-512, which contains a 38-bp deletion in the CYC1 poly(A) site known to disrupt transcription termination (33) . The mutant strains were analyzed at permissive (24°C) and restrictive (37°C) temperatures. The distribution of run-on transcripts over the contiguous single-stranded probes 1-6 is shown in Fig. 4A . Consistent with the results obtained by Birse et al. (29) , the mutant strains display no defect in permissive conditions, whereas they are severely affected with regard to transcription termination at restrictive temperature with conspicuous run-on transcript detected past the poly(A) site over probes 4, 5, and 6. A quantitative analysis of these data revealed that the run-on profile of rna14-1 and pcf11-9 is more drastically disrupted than that observed for rna15-1 (Fig. 4C) . These results suggest that Rna14p and Pcf11p have a greater impact on transcription termination than the Rna15p subunit. In view of our CTD binding data, these results strengthen the possibility that Rna14p and Pcf11p may be the two subunits of CF IA that directly contact the CTD to recruit the whole complex to pol II.
Discussion
Over the last decade the CTD of pol II has been the focus of remarkable interest because of its proposed role as a factor docking platform. Increasing evidence has documented its involvement in both transcription regulation and processing of the nascent transcript (reviewed in refs. [34] [35] [36] [37] .
This study presents biochemical and genetic data demonstrating that CF IA physically interacts with the CTD of pol II in the yeast S. cerevisiae. Affinity chromatography experiments with yeast extracts have shown that this complex binds specifically to phosphorylated CTD based on the presence of Rna15p, Rna14p, and Pcf11p in the eluate fraction. In contrast, Fip1p, a polyadenylation factor component of PFI, does not bind. Pull-down experiments with recombinant Pcf11p, which contains a CTDbinding domain at its N terminus, have demonstrated that this protein interacts directly with the CTD, whereas recombinant Rna15p does not. Once again the binding is greatly enhanced by CTD phosphorylation, consistent with what we observed for CF IA in yeast extracts. Furthermore, a quantitative analysis of transcription run-on profiles of strains carrying mutations in the RNA15, RNA14, and PCF11 genes has revealed that mutant Rna14p and Pcf11p subunits display more pronounced termination defects than defective Rna15p.
The recruitment of pre-mRNA processing factors or complexes to pol II specifically through the phosphorylation of CTD has already been observed in the case of the capping (8, 14) and splicing (6, 7, 38) machinery. Both the yeast capping apparatus and the mammalian capping enzyme bind selectively to phosphorylated CTD. Splicing and splicing-related factors have also been found to be associated with hyperphosphorylated pol II. Interestingly, one such SR-like protein known as SCAF8 has been reported to bind exclusively to phosphorylated CTD (28) and shares homology with Pcf11p in its CTD-binding domain (Fig. 2B) . Our observation that recruitment of CF IA to the CTD is strongly stimulated by CTD phosphorylation lends further support to the view that the phosphorylation of the CTD acts as a regulatory mechanism in the processing of the nascent transcript. Changes in the net charge of the CTD affects its conformation, allowing the binding or loading of some factors and the dissociation of others.
In contrast with what we observed in yeast for CF IA, the mammalian CPSF and CstF have been reported to bind equally well to the CTD independently of its phosphorylation status (4); and in a reconstituted system containing all of the mammalian cleavage͞polyadenylation factors, both hypophosphorylated and hyperphosphorylated pol II (and likewise unphosphorylated and phosphorylated GST-CTD) activate 3Ј cleavage (10) . These apparently conflicting observations may reflect an evolutionary divergence between lower and higher eukaryotes in the cleavage͞polyadenylation apparatus. Even so, the CTD recruitment of cleavage͞polyadenylation factors is clearly conserved throughout eukaryotes. Dantonel et al. (5) demonstrated that the mammalian CPSF is loaded onto the preinitiation transcription complex by TFIID. Whether this observation holds true for the yeast 3Ј-end forming apparatus remains to be discovered. However, the fact that CF IA subunits exhibit a remarkably higher affinity for the phosphorylated form of CTD versus the unphosphorylated suggests that CF IA may not be recruited at the promoter in the pol IIA preinitiation complex, as is CPSF. Rather, CF IA may associate at a later stage with the elongating pol II0 holoenzyme. Further investigations by protein coimmunoprecipitation and chromatin immunoprecipitation assays could shed light on this aspect.
Using pull-down experiments with purified proteins, we have shown that Pcf11p directly interacts with the CTD, whereas Rna15p is likely to make indirect contacts with it. Pcf11p has a multidomain topology exhibiting interesting features, and the CTD-binding domain at its N terminus is particularly intriguing. In a previous study on the yeast Nrd1 protein (26) , Pcf11p was found to be part of a group of polypeptides from different organisms, the common motif of which is a CTD-binding domain. Database searches led us to identify members of this growing family: the N. crassa B1D1.390 protein, the D. melanogaster CG10228 protein, the A. thaliana T4B21.1 protein, and the H. sapiens Pcf11p homologue. The presence of such a CTD-binding domain in disparate organisms argues for an evolutionary conservation of CTD-binding proteins throughout eukaryotes.
Previous investigations in our laboratory had unveiled a connection between cleavage and transcription termination (29) : ts mutations in PCF11, RNA15, and RNA14 were found to affect transcription termination, whereas a mutation in FIP1 did not. Remarkably, these data exactly parallel our CTD binding results: Pcf11p, Rna15p, and Rna14p but not Fip1p interact with the CTD. Furthermore, a quantitative analysis has shown that the absence of a functional Pcf11p or Rna14p affects transcription termination more drastically than the lack of a functional Rna15p. pcf11 thermosensitive alleles are synthetically lethal with ts alleles of rna14 (18) , and it has recently been shown that overproduction of Pcf11p suppresses rna14-1 mutation in an allele-specific manner (39) . Such observations taken together suggest that these two proteins may share an overlapping, interchangeable function. The ability of Pcf11p to directly interact with phosphorylated CTD suggests a possible physiological role for this protein. Pcf11p may in fact bind to the hyperphosphorylated pol II and recruit cleavage factors to the elongating complex, thus coupling transcription and mRNA processing. Rna14p may play an analogous role.
Interestingly, exhaustive two-hybrid screens performed in yeast (40, 41) have highlighted further potential connections between polyadenylation and splicing, and between 3Ј-end processing and chromatin remodeling: Pcf11 has been found to interact with a Sm-like protein known as Lsm8p that may play a role in allowing conformational rearrangements of the U6 small nuclear ribonucleoprotein in the association-dissociation cycle of spliceosome complexes (42) . Last, Pcf11p has been reported to interact with Ada2p, a component of the two nucleosomal histone acetyltransferase complexes SAGA and ADA (41) . These additional links once again emphasize how the basic cellular processes of chromatin remodeling, transcription, and pre-mRNA processing are tightly interconnected.
